Introduction {#S0001}
============

Colon adenocarcinoma (COAD) is one of the most common malignancies worldwide. The incidence of COAD ranks the third among malignancies, and the lethality of COAD ranks the second among malignancies.[@CIT0001] Despite the development of advanced diagnostic and therapeutic techniques, more than half of COAD patients die every year, mainly because they are diagnosed at an advanced stage.[@CIT0002] Therefore, it is urgent to further understand the mechanism of COAD and identify the key molecules involved in COAD progression.

The odd-skipped related transcription factor 1 (OSR1) gene is located at human 2p24.1.[@CIT0003],[@CIT0004] OSR1 is a protein of 266 amino acids containing three highly conserved C2H2 zinc finger domains, a tyrosine kinase phosphorylation site (Tyr 203) and several hypothetical proline-XX-proline (PXXP) SH3 binding motifs. OSR1 is expressed in the human colon, small intestine, bladder, testicles, fetal lungs, mesenchymal stem cells and osteoblasts.[@CIT0005] OSR1 is an important regulator of embryo, heart and genitourinary development.[@CIT0006],[@CIT0007] In recent years, increasing studies have suggested that OSR1 exerts antitumor effect in multiple tumors, including gastric cancer,[@CIT0004] tongue squamous carcinoma,[@CIT0008] renal cell carcinoma,[@CIT0009] and lung adenocarcinoma.[@CIT0010],[@CIT0011] However, the role of OSR1 in COAD is not fully understood. Therefore, in our study, we focused on the role and mechanism of OSR1 in COAD.

Materials and Methods {#S0002}
=====================

Patient Samples and Immunohistochemistry (IHC) {#S0002-S2001}
----------------------------------------------

Total 21 fresh COAD and corresponding paracancerous colon tissue samples were collected from patients who underwent surgery at the First Affiliated Hospital of Chongqing Medical University for mRNA detection, and 91 formalin-fixed, paraffin-embedded COAD tissue samples were collected from patients who underwent surgery at the First Affiliated Hospital of Chongqing Medical University between 2012 and 2013 for IHC. The patients were enrolled based on the following inclusion criteria: (1) no radiotherapy or chemotherapy before surgery and (2) no other history of surgery. Our protocol was in accordance with the ethical guidelines of the Declaration of Helsinki and was approved by Ethical Review Committee of the First Affiliated Hospital of Chongqing Medical University. All patients signed written informed consent. IHC was conducted using IHC kit (ZSGB-BIO, China) according to the manufacturer's protocols, and the results were evaluated based on staining intensity (0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining) and extent (1, \<25%; 2, 25--50%; 3, 50--75%; and 4, \>75%).

Cell Culture and Transfection {#S0002-S2002}
-----------------------------

SW480, HT29, HCT116, HCT-8, SW620, and LoVo human COAD cells were purchased from the American Type Culture Collection (USA), and cultured in RPMI 1640 medium (HyClone, USA) containing 10% fetal bovine serum at 37°C with 5% CO~2~. COAD cells were divided into seven groups: the Vector group (cells transfected with blank lentivirus pEZ-Lv105-vector), the OSR1 group (cells transfected with recombinant lentivirus pEZ-Lv105-OSR1), the siCtrl group (cells transfected with a negative control siRNA), the siOSR1\#1 group (cells transfected with the siRNA\#1 targeting OSR1), the siOSR1\#2 group (cells transfected with the siRNA\#2 targeting OSR1), the PF573228 group (cells treated with the PF573228), the PF573228+siOSR1 group (cells transfected with the siRNA\#1 or 2 targeting OSR1 and treated with the PF573228), and the PF573228+OSR1 group (cells transfected with recombinant lentivirus vector pEZ-Lv105-OSR1 and treated with the PF573228). The recombinant lentivirus vector pEZ-Lv105-OSR1 (OSR1 group) and blank pEZ-Lv105-vector (vector group) were purchased from Genecopoeia (USA). The recombinant lentivirus was transfected into COAD cells. Seventy-two hours after transfection, puromycin was used to select the stably transfected cell lines. Two small interfering RNAs (siRNAs) targeting OSR1 (siOSR1\#1: 5'-ACCGGTGAGACTGGTCCAATA-3' and siOSR1\#2: 5'-TTCTCCGAACGTGTCACGT-3'), and a negative control (siCtrl) were provided by RiboBio (Guangzhou, China).

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) {#S0002-S2003}
----------------------------------------------------------

RNA was extracted from tissue or cells using RNAiso Plus (Takara Biotechnology, Japan). RNA was reverse transcribed into cDNA using a PrimeScript™ RT Master Mix cDNA Synthesis Kit (Takara Biotechnology, Japan). qRT-PCR was performed with a CFX96 Real-Time PCR Detection System (Bio-Rad, Shanghai) and a SYBR Premix Ex Taq II Kit (Takara Biotechnology, Japan). The primer sequences for OSR1 and β-actin were as follows: OSR1 F: 5'- CGCGCTCTTCTTTCTCCAAA-3' and R: 5'-GACATGAGGGAACCAGGGAA-3'; human β-actin F: 5'-CCACGAAACTACCTTCAACTCC-3' and R: 5'- GTGATCTCCTTCTGCATCCTGT-3'. The relative expression levels of OSR1 were measured using the 2^−∆∆Cq^ method.[@CIT0012]

Cell Counting Kit-8 (CCK-8) and Colony Formation Assays {#S0002-S2004}
-------------------------------------------------------

Cells were seeded onto 96-well plates (2 × 10^3^ cells per well). After cell adhesion (6--8 h after cell seeding), the medium was replaced with 100 μL complete medium containing 10 μL CCK-8 detection reagent (Bimake, USA). After incubation for 2 h, the absorbance (450 nm) was detected at 0, 24, 48, and 72 h with a microplate reader (Bio-Rad, Shanghai, China). For colony formation assay, cells (500 cells per well) were seeded onto 6-well plates. After incubation for 2 weeks, the cells were washed with cold PBS, fixed with 4% paraformaldehyde, stained with crystal violet, photographed, and counted.

Transwell Migration and Invasion Assays {#S0002-S2005}
---------------------------------------

Cells in serum-free medium were seeded on the upper layer of the Transwell chamber (1 × 10^4^ cells per well), and 700 μL complete medium was added to the lower layer of the chamber. After incubation for 48 h, the penetrated cells were washed, fixed with 4% paraformaldehyde, stained with crystal violet, photographed, and counted. For invasion assay, 1640 medium and Matrigel (BD Biosciences, USA) were fully mixed at a proportion of 7:1 and quickly added to the upper layer of the chamber, and then incubated for 3 h at 37°C. A total of 8×10^4^ cells in 200 μL serum-free medium were seeded onto the upper layer of the chamber, and 700 μL complete medium was added to the lower layer of the chamber. The next steps were the same as those of Transwell migration assay.

Flow Cytometry Assay {#S0002-S2006}
--------------------

For cell cycle assay, cells at 80--100% confluence were collected and fixed with 75% alcohol overnight, centrifuged, and washed again with cold PBS twice. The cells were resuspended in 400 µL PBS containing 2.5 µL RNase A (20 mg/mL; Sigma-Aldrich) and incubated for 30 min at 37°C in the dark. Next, 5 µL propidium iodide (PI; BD Biosciences, USA) was added and incubated for 30 min at 37°C in the dark. Finally, cell cycle analysis was performed using flow cytometry. For apoptosis assay, cells at 80--100% confluence were stained using an Annexin V-fluorescein isothiocyanate (FITC)/PI kit (BD Biosciences, USA) in the dark. Finally, cell apoptosis was detected by flow cytometry.

In vivo Tumorigenicity {#S0002-S2007}
----------------------

All animal experiments were approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University, and were performed following the guidelines of the National Institutes of Health guide for the care and use of laboratory animals. HCT-8 cells from the OSR1 and vector groups were injected subcutaneously into BALB/c mice (4--6 weeks old). The tumor volumes were measured every 3 days with calipers according to the following formula: volume= length x width^2^/2. The mice were sacrificed 30 days postinjection, and the tumor samples were dissected for further analysis.

Western Blot Analysis {#S0002-S2008}
---------------------

Cell was lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with phenylmethanesulfonyl fluoride, and protein concentrations were detected using a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology, Shanghai) according to the manufacturer's protocol. The proteins were then separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. The blots were blocked in 5% milk for 2 h at room temperature and incubated with antibodies for OSR1 (Santa Cruz Biotechnology, sc-376545, 1:1000), FAK (Santa Cruz Biotechnology, sc-271126, 1:1000), p-FAK (Tyr397) (Santa Cruz Biotechnology, sc-81493, 1:1000), AKT (Wanleibio, WL0003b, 1:500), p-AKT (Ser473) (Wanleibio, WLP001a, 1:500), p38 (Wanleibio, WL00764, 1:500), p-p38 (Thr180/Tyr182) (Wanleibio, WLP1576, 1:500), ERK 1/2 (Cell Signaling Technology), p-ERK1/2 (CST), E-cadherin (Wanleibio, WL01482), N-cadherin (Wanleibio, WL01047), Vimentin (Wanleibio, WL01960), p21 (Wanleibio, WL0362), Cyclin D1 (Wanleibio, WL01435a), Snail (Wanleibio, WL01863), c-Myc (Wanleibio, WL01781), Bcl-2 (Wanleibio, WL01556), and GAPDH (BOSTER, BM1623, 1;2000) at 4°C overnight. Then, the blots were washed and incubated with second antibodies (1:5000, Bioss) for 1 h at room temperature. Finally, the blots were washed and visualized with enhanced chemiluminescence (ECL) reagents (Wanleibio, Shenyang).

Statistical Analysis {#S0002-S2009}
--------------------

Statistical analyses were performed with the GraphPad Prism 5.00 (GraphPad Software, USA) and SPSS 19.0 (USA). Differences were compared using Student's *t*-test. Categorical data were analyzed by Fisher's exact tests. Survival curves were determined by the Kaplan-Meier method and Log rank tests. Cox's proportional hazards regression model was used to analyze independent prognostic factors. P\<0.05 was considered statistically significant.

Results {#S0003}
=======

OSR1 Is Downregulated in COAD and Is a Predictor of COAD Patient Prognosis {#S0003-S2001}
--------------------------------------------------------------------------

Data from The Cancer Genome Atlas (TCGA) dataset showed that OSR1 expression was lower in COAD tissues than in normal tissues (P\<0.001) ([Figure 1A](#F0001){ref-type="fig"}). qRT-PCR analysis demonstrated that OSR1 expression was lower in 21 pairs of COAD tissues than in paracancerous tissues (P\<0.001) ([Figure 1B](#F0001){ref-type="fig"}). Furthermore, we detected OSR1 protein levels in another 89 COAD tissues by IHC ([Figure 1C](#F0001){ref-type="fig"}--[F](#F0001){ref-type="fig"}). Notably, OSR1 staining intensity decreased gradually in tumor samples from patients with stage I, II to III COAD ([[Supplemental Figure 1A--C](http://www.dovepress.com/get_supplementary_file.php?f=242386.doc)]{.ul}). The results indicated that OSR1 expression was lower in COAD tissues than in normal tissues (P\<0.001) ([Table 1](#T0001){ref-type="table"}), and low OSR1 level was associated with tumor stage and lymph node metastasis but not with age, sex, tumor location, tumor size or tumor grade ([Table 2](#T0002){ref-type="table"}). The Kaplan--Meier survival curve showed that patients with low OSR1 expression had worse overall survival (OS) ([Figure 1G](#F0001){ref-type="fig"}, p\<0.05) and distant metastasis-free survival (DMFS) ([Figure 1H](#F0001){ref-type="fig"}, p\<0.05). Moreover, multivariate Cox regression analyses indicated that OSR1 expression, sex, and TNM stage could be independent predictors for OS and DMFS ([Table 3](#T0003){ref-type="table"}).Table 1Immunohistochemistry Analysis of OSR1 Expression in COAD and Paracancerous Normal TissuesVariablesAll CasesNone or Low OSR1 ExpressionHigh OSR1 ExpressionP valueParacancerous25817\<0.05Cancer895039 Table 2Correlation of OSR1 Protein Expression with Patient FeaturesVariablesAll CasesHigh OSR1 Expression (n=50)Low OSR1 Expression (n=39)P valueAge at Surgery \<604523220.395 ≥60442717Gender Male5435190.050 Female351520Location Left4825230.521 Right412516Tumor Size (cm^3^) ≤22.454828200.828 \>22.45412219pN N05439150.000\*\*\* N1/N2351124Grade G1+ G27040300.7971 G319109Tumor Stage Ι+II5338150.000\*\*\* III+IV361224[^1] Table 3Multivariate Regression Analysis of 5-Year Overall Survival and Distant Metastasis-Free Survival of COAD PatientsVariablesOverall SurvivalDistant Metastasis-Free SurvivalHR95% CIP-valueHR95% CIP-valueOSR1 (low vs high)0.1810.06--0.5430.002\*\*0.1620.051--0.5180.002\*\*Sex (male vs female)0.2850.093--0.8780.029\*0.2960.091--0.9620.043\*TNM (I/II vs III/ IV)5.4512.044--14.5370.001\*\*6.9212.384--20.0900.000\*\*\*[^2] Figure 1Expression of OSR1 in COAD tissues. (**A**) Expression of OSR1 in TCGA samples (COAD vs normal, p\<0.001) ([<http://ualcan.path.uab.edu/analysis.html>]{.ul}). (**B**) qPCR results showed OSR1 expression levels in 21 COAD patients (COAD vs adjacent, p\<0.001). (**C**) Negative staining of OSR1 in adjacent normal colon tissues. (**D**) Negative staining of OSR1 in COAD tissues. (**E**) Positive staining of OSR1OSR1 in adjacent normal colon tissues. (**F**) Positive staining of OSR1 in COAD tissues (200× and 400×). The Kaplan--Meier survival curve showed that patients with low OSR1 expression had worse overall survival (**G**) and distant metastasis-free survival (**H**).

OSR1 Inhibits the Proliferation, Migration, and Invasion of COAD Cells {#S0003-S2002}
----------------------------------------------------------------------

OSR1 expression levels showed difference in COAD cell lines (SW480, HT29, HCT116, HCT-8, and LoVo) ([Figure 2A](#F0002){ref-type="fig"}). To determine the role of OSR1 in COAD, we altered OSR1 expression levels by transfecting cells with recombinant lentiviral vectors or siRNA ([Figure 2B](#F0002){ref-type="fig"}, [[Supplemental Figure 2](http://www.dovepress.com/get_supplementary_file.php?f=242386.doc)]{.ul}). CCK-8 assay demonstrated that the cell viability was lower in the OSR1 group than in the vector group ([Figure 2C](#F0002){ref-type="fig"}). On the other hand, the cell viability was higher in the siOSR1 group than in the siCtrl group ([Figure 2D](#F0002){ref-type="fig"}). Furthermore, the colony formation assay demonstrated that the number of cell colonies was lower in the OSR1 group than in the vector group, and the number of cell colonies was higher in the siOSR1 group than in the siCtrl group ([Figure 2E](#F0002){ref-type="fig"}). Moreover, the number of penetrated COAD cells was significantly lower in the OSR1 group than in the vector group ([Figure 2F](#F0002){ref-type="fig"}), and the number of penetrated COAD cells was significantly higher in the siOSR1 group than in the siCtrl group ([Figure 2G](#F0002){ref-type="fig"}). Collectively, these results indicate that OSR1 inhibits the proliferative, invasive, and migratory ability of COAD cells.Figure 2OSR1 inhibited COAD cell proliferation, migration, and invasion. (**A**) RT-qPCR analysis of OSR1 expression in five COAD cell lines. (**B**) Western blot analyses confirmed that OSR1 expression was upregulated or downregulated. (**C**--**E**) CCK-8 assay and colony formation assay showed that OSR1 overexpression or knockdown regulated the proliferation rate of COAD cells. Viability was expressed as a percentage of the control population. (**F**) Transwell migration and invasion assays showed that OSR1 overexpression reduced the migration and invasion abilities of COAD cells. (**G**) Transwell migration and invasion assays showed that OSR1 knockdown promoted the migration and invasion abilities of COAD cells. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001. Scale bar: 100 μm.

OSR1 Induces Cell Apoptosis and Cycle Arrest {#S0003-S2003}
--------------------------------------------

Cell apoptosis assay showed that OSR1 overexpression significantly increased the number of apoptotic HCT-8 and LoVo cells ([Figure 3A](#F0003){ref-type="fig"}). In addition, OSR1 overexpression induced G0-G1 phase arrest in HCT-8 cells, while the number of cells in G2-M and S phase decreased ([Figure 3B](#F0003){ref-type="fig"}). OSR1 overexpression induced G0-G1 phase arrest in LoVo cells, while the number of cells in S phase decreased ([Figure 3C](#F0003){ref-type="fig"}). On the other hand, OSR1 knockdown induced S phase arrest in HT-29 cells, while the number of cells in G2-M phase decreased ([Figure 3D](#F0003){ref-type="fig"}).Figure 3OSR1 induced apoptosis and cell cycle arrest. Flow cytometry showed that OSR1 overexpression induced cell apoptosis (**A**), while OSR1 knockdown inhibited cell apoptosis (**B**). For cell cycle distributions, HCT-8 and LoVo (OSR1 group) cells were significantly arrested in the G0/G1 phase (**C**), while HT-29 (siOSR1\#1) cells were significantly arrested in the S phase (**D**). \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.

OSR1 Inhibits Akt and MAPK Pathways in COAD Cells {#S0003-S2004}
-------------------------------------------------

A previous study showed that OSR1 suppressed integrin signaling and regulated cell communication and adhesion.[@CIT0013] Therefore, we detected FAK related signaling pathways in COAD. Western blot analysis demonstrated that OSR1 overexpression significantly decreased the levels of p-FAK, p-p-38, p-ERK1/2, and p-AKT (Ser473), while the levels of total FAK, total p38, total ERK1/2, and total AKT were unaffected. Conversely, the levels of p-FAK, p-p38, p- ERK1/2, and p-AKT were markedly increased in cells treated with OSR1 siRNA ([Figure 4A](#F0004){ref-type="fig"}).Figure 4OSR1 inhibited Akt and MAPK signaling pathways. (**A**) Western blot analysis of the levels of total FAK, p-FAK (Tyr397), total p38, p-p-38 (Thr180/Tyr182), total ERK1/2, p-ERK1/2, total AKT, and anti-p-AKT (Ser473) in COAD cells with OSR1 knockdown or overexpression. (**B**) Western blot analysis of expression levels of E-cadherin, N-cadherin, vimentin, p21, cyclin D1, snail, c-myc, caspase-3, caspase-9, and Bcl-2 in COAD cells with OSR1 knockdown or overexpression.

In addition, Western blot analyses showed that the expression levels of N-cadherin, vimentin, cyclin D1, snail, c-myc, and Bcl-2 were significantly decreased and the expression levels of E-cadherin, p21, caspase-3, and caspase-9 were significantly increased in OSR1 overexpression group, and opposite results were observed in siOSR1 group ([Figure 4B](#F0004){ref-type="fig"}, [[Supplemental Figure 3](http://www.dovepress.com/get_supplementary_file.php?f=242386.doc)]{.ul}).

Furthermore, we treated COAD cells with PF573228, which is an ATP-competitive inhibitor of FAK to inhibit the phosphorylation but not the expression level of FAK. We found that cell proliferation was lower in HT-29 cells treated with both PF573228 and siOSR1 than in HT-29 cells treated with siOSR1 alone ([Figure 5A](#F0005){ref-type="fig"}). Transwell invasion assay showed that the number of penetrated HT-29 cells treated with both PF573228 and siOSR1 was significantly lower that of HT-29 cells treated with siOSR1 alone ([Figure 5B](#F0005){ref-type="fig"}). On the other hand, CCK-8 assay showed that the proliferation of HCT-8 cells treated with both PF573228 and OSR1 overexpression vector was inhibited compared to that of the cells treated with PF573228 and empty vector ([Figure 5C](#F0005){ref-type="fig"}). Transwell invasion assay showed that the number of penetrated HCT-8 cells treated with both PF573228 and OSR1 overexpression vector was lower than that of the cells treated with PF573228 and empty vector ([Figure 5D](#F0005){ref-type="fig"}). These data indicate that OSR1 may inhibit proliferation and invasion of COAD cells by suppressing FAK-mediated Akt and MAPK pathways.Figure 5FAK inhibitor inhibits the proliferation and invasion of COAD cells. (**A**) PF573228 reversed the oncogenic effects of siOSR1 on HT-29 cell proliferation. HT-29 cells transfected with OSR1 or negative control siRNA were treated with or without 10 μM PF573228 for 72 h, cell viability was detected at 0, 24, 48, and 72 h by CCK-8 assay. Viability was expressed as a percentage of the control. (**B**) PF573228 reversed the oncogenic effects of siOSR1 on HT-29 cell invasion. HT-29 cells transfected with OSR1 siRNA were treated with or without 10 μM PF573228 for 48 h, cell migration was detected by Transwell assay. (**C**) PF573228 enhanced the inhibitory effects of OSR1 overexpression on HCT-8 cell proliferation. HT-29 cells transfected with OSR1 overexpression vector or blank vector were treated with or without 10 μM PF573228 for 72 h, cell viability was detected at 0, 24, 48, and 72 h by CCK-8 assay. Viability was expressed as a percentage of the control. (**D**) PF573228 enhanced the inhibitory effects of OSR1 overexpression on HCT-8 cell invasion. HT-29 cells transfected with OSR1 overexpression vector or blank vector were treated with or without 10 μM PF573228 for 48 h, cell migration was detected by Transwell assay. Scale bar: 100 μm. \*\*\*p\<0.001.

OSR1 Suppressed the Growth of COAD Cells in vivo {#S0003-S2005}
------------------------------------------------

To confirm that OSR1 inhibited COAD in vivo, nude mice were injected subcutaneously with HCT-8 cells treated with either OSR1 overexpression vector or empty vector. OSR1 overexpression inhibited tumor growth in vivo ([Figure 6A](#F0006){ref-type="fig"}), and tumor tissues were remarkably smaller in OSR1 overexpression group than in empty vector group ([Figure 6B](#F0006){ref-type="fig"}). Furthermore, Western blot analysis of the dissected tumor tissues showed lower levels of p-FAK, p-p-38, and p-AKT in OSR1 overexpression group than in empty vector group ([Figure 6C](#F0006){ref-type="fig"}, [[Supplemental Figure 4](http://www.dovepress.com/get_supplementary_file.php?f=242386.doc)]{.ul}).Figure 6OSR1 suppressed COAD growth in vivo. (**A**) OSR1 overexpression inhibited tumor growth in vivo. \*\*p\<0.01; \*\*\*p\<0.001 vs Vector. (**B**) After 30 days postinjection, all mice were sacrificed, and subcutaneous tumors were collected. (**C**) Western blot analysis of the levels of total FAK, p-FAK (Tyr397), total p38, p-p-38 (Thr180/Tyr182), total ERK1/2, p-ERK1/2, total AKT, p-AKT (Ser473), E-cadherin, N-cadherin, vimentin, p21, cyclin D1, snail, c-myc, caspase-3, caspase-9, and Bcl-2 in subcutaneous tumors from OSR1 overexpression group and vector group.

Discussion {#S0004}
==========

Recently, low expression of OSR1 has been reported to be associated with multiple malignancies, including gastric cancer,[@CIT0004] tongue squamous cell carcinoma,[@CIT0008] renal cell carcinoma,[@CIT0009] and lung adenocarcinoma.[@CIT0010],[@CIT0011] In addition, OSR1 downregulation is associated with OSR1 methylation in gastric cancer,[@CIT0004] renal cell carcinoma,[@CIT0009] and lung adenocarcinoma.[@CIT0010] OSR1 may suppress the migration and invasion of tongue squamous cell carcinoma by inhibiting NF-KB pathway.[@CIT0008] However, the expression and role of OSR1 in COAD remain unknown.

In this study, qRT-PCR and IHC assays demonstrated that OSR1 is downregulated in COAD tissues and OSR1 downregulation is positively related to tumor stage, lymph node metastasis and poor prognosis. The Kaplan-Meier survival curve showed that patients with low OSR1 expression had worse OS and DMFS. Moreover, multivariate Cox regression analyses indicated that OSR1 expression could be an independent predictor of OS and DMFS. These findings suggest that OSR1 is crucially involved in COAD progression.

Therefore, we further investigated the function of OSR1 as a tumor suppressor in COAD growth and metastasis in vitro and in vivo. CCK-8 and colony formation assay demonstrated that OSR1 overexpression inhibited the proliferation of COAD cells while OSR1 knockdown yielded the opposite effects. Transwell migration and invasion assays showed that OSR1 overexpression impaired the migration and invasion of COAD cells. In addition, flow cytometry analysis showed that OSR1 overexpression induced COAD cell G0-G1 phase arrest and apoptosis, while OSR1 knockdown yielded the opposite effects. Consistent with the in vitro results, OSR1 overexpression inhibited COAD tumor growth in vivo. These findings suggest that OSR1 serves as a tumor suppressor in the development of COAD.

Furthermore, we investigated the molecular mechanism underlying anti-cancer effects of OSR1 on COAD. OSR1 overexpression suppressed integrin signaling pathway which is involved in cell-cell adhesion and communication.[@CIT0013] As a critical mediator that connects integrin and the downstream signaling molecules, FAK can be activated by integrin phosphorylation and subsequently activates downstream PI3K/AKT pathway and MAPK pathway.[@CIT0014]--[@CIT0021] To validate whether OSR1 exerts anti-cancer effects via FAK in COAD, we detected the activation of FAK based on p-FAK level. The results indicated that OSR1 overexpression inhibited the activation of FAK.

Activated FAK stimulates the downstream kinase PI3K by binding and phosphorylating the p85α subunit of PI3K (regulatory subunit of PI3K).[@CIT0022] As a downstream signaling pathway of FAK activation, PI3K/AKT could regulate cancer cell proliferation, migration, apoptosis, cell cycle, and survival.[@CIT0014],[@CIT0023]-[@CIT0025] AKT activation could upregulate cyclin D1[@CIT0014] and c-Myc,[@CIT0026] and downregulate cyclin D kinase (CDK) inhibitors p21.[@CIT0027] Therefore, we investigated the changes in the activation of PI3K/Akt pathway and MAPK pathway and the expression of critical downstream proteins such as cyclin D1, Bcl-2, c-Myc, and p21. We demonstrated that OSR1 overexpression significantly decreased the levels of p-p38, p-ERK, cyclin D1, Bcl-2, and c-Myc and promoted the expression of p21. In contrast, knockdown of OSR1 significantly increased the levels of p-p38, p-ERK, cyclin D1, Bcl-2, and c-Myc and downregulated the expression of p21. These results suggest that OSR1 could inhibit FAK-mediated activation of Akt and MAPK pathways to induce COAD cell cycle arrest and apoptosis.

Epithelial--mesenchymal transition (EMT) has been recognized as a vital process in the development of multiple tumors, including COAD.[@CIT0028]--[@CIT0030] Therefore, we examined the expression of epithelial marker E-cadherin, mesenchymal markers N-cadherin and vimentin, and EMT-inducing transcription factor snail. We observed that OSR1 overexpression markedly increased E-cadherin expression and reduced N-cadherin, vimentin, and snail expression, while OSR1 knockdown yielded opposite results. These results suggest that OSR1 could regulate COAD cell migration and invasion via EMT.

To further prove the involvement of FAK in tumor suppressor function of OSR1, we treated COAD cells with FAK inhibitor PF573228. The results showed that PF573228 abolished the increase in proliferation and invasion in COAD cells with OSR1 knockdown, while enhanced the decrease in proliferation and invasion in COAD cells with OSR1 overexpression. These results confirm that OSR1 inhibits FAK to suppress COAD cell proliferation and invasion.

In summary, OSR1 suppresses COAD cell proliferation, invasion, and migration and induces apoptosis and cell cycle arrest via inhibiting FAK-mediated Akt and MAPK pathways. In addition, OSR1 might serve as a prognostic marker of COAD.
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[^1]: **Notes:** \*\*\*P\<0.001. pN, lymph node metastases.

[^2]: **Notes:** \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001.

    **Abbreviations:** HR, hazard ratio; CI, confidence interval.
